We present direct experimental evidence of the coexistence of deep levels with intrinsic quantum confinement states in large, self-assembled InAs quantum dots embedded in a GaAs matrix. The InAs quantum dots show very good optical properties, as evidenced by the strong photoluminescence at room temperature at ϳ1.3 m. Deep levels 160 and 484 meV below the GaAs conduction band edge have been identified at large reverse biases and high temperatures using deep level transient spectroscopy ͑DLTS͒ measurements. The reverse-bias dependence of the DLTS signal together with experimental results from the reference samples, containing thin InAs layers but no quantum dots, confirms that the deep levels coexist in the same layer as the InAs dots, and are most likely caused by the strain field during the lattice mismatched growth process. The densities of the deep levels in the structure are comparable to the density of the optically active quantum dots. DOI: 10.1103/PhysRevB.72.165302 PACS number͑s͒: 73.63.Kv, 73.20.Hb, 73.21.La, 73.61.Ey Considerable efforts have been expended in the study of self-assembled semiconductor quantum dots ͑QDs͒, grown by the Stranski-Krastanov growth mode, because of their importance in device applications and in fundamental physics.
We present direct experimental evidence of the coexistence of deep levels with intrinsic quantum confinement states in large, self-assembled InAs quantum dots embedded in a GaAs matrix. The InAs quantum dots show very good optical properties, as evidenced by the strong photoluminescence at room temperature at ϳ1.3 m. Deep levels 160 and 484 meV below the GaAs conduction band edge have been identified at large reverse biases and high temperatures using deep level transient spectroscopy ͑DLTS͒ measurements. The reverse-bias dependence of the DLTS signal together with experimental results from the reference samples, containing thin InAs layers but no quantum dots, confirms that the deep levels coexist in the same layer as the InAs dots, and are most likely caused by the strain field during the lattice mismatched growth process. The densities of the deep levels in the structure are comparable to the density of the optically active quantum dots. Considerable efforts have been expended in the study of self-assembled semiconductor quantum dots ͑QDs͒, grown by the Stranski-Krastanov growth mode, because of their importance in device applications and in fundamental physics. 1, 2 The excellent optical properties, such as strong photoluminescence ͑PL͒ intensity, are generally attributed to the coherent nature, i.e., defect free, of the QD islands. [1] [2] [3] [4] [5] [6] In recent years, however, an increasing number of experiments have suggested the possibility that electronic deep levels might exist around or in what were regarded as coherent QDs that exhibit strong PL signals. For example, the presence of defects was suggested as a possible reason for the absence of the so-called phonon-bottleneck effect. 7, 8 Other optical experiments, such as the quenching of PL signals at high temperatures, also suggested the possible existence of deep level defects around the QDs. [9] [10] [11] Dai et al. pointed out that the defect related centers existed at the InAs/ GaAs interface and played an important role in the PL quenching process. 12 They also indicated that the energy of the interface defects depended on the size of the quantum dots. By performing timeresolved optical characterizations of InAs QDs in GaAs, Fiore et al. speculated on the existence of nonradiative traps in the ͑In͒GaAs matrix in the close vicinity of the QDs, which would capture the carriers before they relaxed into the QDs. 13 Despite the evidence of the existence of unknown deep levels, the optical experiments could not provide confirmation and direct information, such as energy levels and concentrations, of possible deep levels due to their generally nonradiative nature. The electrical space-charge technique, deep level transient spectroscopy ͑DLTS͒, 14 has recently been used to characterize QD structures, but most efforts have been focused on the intrinsic QD states. [15] [16] [17] [18] [19] [20] [21] The electrons can be thermally emitted out from the dots and then be detected by DLTS only when their electronic states are lifted above the bulk Fermi level. Therefore, by careful adjustment of the filling/reverse biases, electrons from the two intrinsic s states have been resolved successfully by this technique. [19] [20] [21] More importantly, the DLTS technique allows reliable determination of both the spatial and energy positions of nonradiative deep levels. Walther et al. 22 observed energy states approximately 400 meV below the GaAs conduction band edge in or near the quantum dots, and Wang et al. 6 and Krispin et al. 23 reported a series of defect states in their InAs/ GaAs structures. Since no intrinsic quantum dot states were observed in these experiments, however, it was not clear whether these deep levels were actually present in optically active QD structures, and if so, whether they were spatially localized and whether they coexisted in the QD layers. Such information is important for physical studies and optimizations of both electronic and optical devices based on selfassembled QDs. It is also useful to determine if the deep levels result from the lattice mismatch induced strain, or the deep levels are actually created only during the StranskiKrastanov island formation process.
In this work, we report on direct observation that deep levels coexist with the intrinsic quantum states of selfassembled InAs QDs using DLTS that exhibit strong PL intensity even at room temperature, at least for large, 1.3 m emitting structures. This was possible by carrying out DLTS experiments at sufficiently high temperatures and large enough reverse biases. Bias-dependence experiments and calculations reveal that the deep levels are localized in space and indeed coexist in the QD layer. Investigations on the reference samples with only an InAs wetting layer but no QDs also show accumulation of the same types of deep levels, despite the absence of the QD states. This indicates that the deep levels are created by the lattice mismatch induced strain alone, rather than the Stranski-Krastanov QD formation process. The possible origin of the coexisting deep levels will be discussed.
Samples with either InAs QDs or only a pseudomorphic InAs wetting layer were studied in this work. The InAs layers ͑both QDs and pseudomorphic͒ were sandwiched by two 0.4-m-thick Si-doped GaAs layers grown by molecular beam epitaxy ͑MBE͒ on ͑100͒ n + -GaAs substrates as shown in Fig. 1͑a͒ . The growth was performed in an Oxford Instrument VGSemicon V90H system under the conditions that were tailored to yield large InAs QDs at a growth temperature of 480°C. The GaAs matrix was grown at 580°C. The formation of QDs with 2.8 ML coverage was monitored in situ by reflection high-energy electron diffraction ͑RHEED͒, and the QD nucleation was observed via the change of the RHEED pattern from steady ͓two-dimensional ͑2D͒ growth͔ to spotty ͑3D growth͒. The resulting quantum dot density was around 3 ϫ 10 9 cm −2 , as determined by imaging uncapped samples using an atomic force microscope ͑AFM͒, and is in the same order of magnitude as the density estimated from the DLTS signals. The ohmic contact was fabricated by alloying Au-Ge-Ni/ Au on the back side of the structure and the top Schottky contacts, 1 mm in diameter, were defined by evaporating Al on the top surface.
PL measurements were performed at room temperature with laser excitation at a wavelength of 532 nm. The signal was dispersed by a monochromator and collected using an InGaAs detector for the wavelength range between 1000 and 1500 nm, while using a charge-coupled device ͑CCD͒ detector for shorter wavelengths. The large size of the dots correlates with a strong PL emission at about 1.26 m shown in Fig. 1͑b͒ , which corresponds to the interband transition from the QD ground electronic state to the ground hole state. 24 In addition, the PL spectrum of the QD sample exhibits another peak at about 1.18 m which is due to the recombination of ground-state electrons with holes in the first excited state. 24 The strong PL at room temperature shows that the QDs are optically active. This work examines whether such QDs would be defect free, that is, investigating if nonradiative deep levels exist in the QD layer. Figure 2͑a͒ shows the capacitance-voltage ͑C-V͒ characteristics of the QD sample and reference sample A ͑Ref. A͒ measured at a temperature of T = 120 K. The pronounced plateaulike structure of the QD sample occurring between the reverse biases V r = −3.0 and −1.0 V, as compared with the almost smooth curve of the reference sample, suggests that certain electronic states exist in the QD layer that capture and emit electrons. 24, 25 The capacitance value at the plateau agrees well with the distance between the QD layer and the Al top Schottky contact. The width of the plateau is determined by the energy spread of the electronic states. 19 Such states may be the intrinsic QD energy levels, deep levels due to defects, or both, and will be identified in the following DLTS experiments. The C-V result reveals that at V r = −1.0 V the electronic states are lifted close to the bulk Fermi level, and electrons begin to escape from the states. At V r = −3.0 V, all the electronic states involved are raised above the Fermi level and are therefore fully discharged. The corresponding apparent carrier distributions of the QD and reference samples in Fig. 2͑b͒ can be obtained from the local slope of the C-V curves, 26 and indicate electron accumulation in the QD/WL plane at around 400 nm under the Schottky contact, in good agreement with the location of the InAs layer from the growth parameters. There is another accumulation peak at around 530 nm in the Ref. A concentration profile, suggesting the electronic deep levels in the structure, which is confirmed by the DLTS data in the following. The charge on the deep levels can only be detected by applying sufficiently high reverse voltage at which the deep levels can be lifted above the bulk Fermi level. No similar peak is found in the electron concentration profile of the QD sample, probably because of the strong electrostatic field in the depletion regions on both sides of the pronounced QD accumulation peak and relatively lower densities of the deep levels in the QD structure.
To identify the nature of the electronic states that result in the plateau in the C-V characteristics, DLTS experiments were carried out in the QD and reference samples at different reverse biases. Five peaks are observed in the DLTS spectra of the QD sample as shown in Fig. 3͑a͒ , where the reverse bias V r is between −2.5 and −5.0 V. The two peaks, marked as traps 1 and 2, can still be detected at much lower reverse biases V r Ͼ −1.5 V ͑not shown here͒, when the intrinsic electron states in the QDs as well as any possible deep levels in the QD layer are well below the bulk Fermi energy. We therefore conclude that they are due to bulk electron traps. This is confirmed in other GaAs samples grown under the same condition but without an InAs layer. In the reference samples, these two traps are also observed despite their weaker densities. By comparison with the findings in the literature, we conclude that traps 1 and 2 are the M3 and E4 levels, respectively, which are commonly detected in GaAs materials grown by MBE. 27 The pronounced peak at about 50 K at V r = −3.0 V in Fig.  3͑a͒ is attributed to the electron emission from the intrinsic states in the quantum dots since there is no such DLTS signature at a similar temperature in the DLTS spectra of the reference samples, shown in Fig. 3͑b͒ . The post-growth rapid thermal annealing ͑RTA͒ of the QD sample also confirms such an identification ͑detailed RTA results to be published elsewhere͒. We hence conclude that the pronounced plateau in the C-V trace in Fig. 2͑a͒ is a result of capture and emission of electrons in the QDs in pace with the measurement frequency.
The activation energy of 76 meV, obtained from the Arrhenius plot in Fig. 4 , is similar to the values reported by Kapteyn et al. 15, 16 Using the same theory, we interpret the emission process as electrons in QDs being first thermally activated from the ground state into the excited states and then fast tunneling out from the excited states. The calculated thermal activation energy of 76 meV therefore corresponds to the energy difference between QD ground and excited states. As shown in Fig. 3͑a͒ at different reverse biases, such QD thermal excited DLTS peaks are well resolved only at certain bias voltages. This is because when V r Ͻ −3.0 V the emission is more dominated by tunneling, which is rather temperature independent and therefore less visible in the DLTS spectra. The flat region in the DLTS spectrum at V r = −3.0 V below 35 K is related to electron tunneling directly from the QD ground state into the GaAs conduction band. Assuming a triangular barrier, the tunneling rate can be written as
where F is the electric field, e the electron charge, ប the reduced Planck constant, m * the GaAs effective electron mass, and ⌬E t the tunneling barrier height. 28, 29 In order to estimate ⌬E t , we assume that the tunneling rate is approximately equal to the thermal excitation rate from the QD ground state to the excited state at T = 35 K, marked by the arrow P in Fig. 3͑a͒ ground state is 171 meV, similar to the values reported by others. [15] [16] [17] [18] [19] [20] [21] Apart from the QD signal in the DLTS spectra in Fig.  3͑a͒ , two pronounced peaks are located at about 115 and 250 K. In the DLTS spectra of Ref. A in Fig. 3͑b͒ , there are two DLTS peaks at similar temperature positions, suggesting that these 115 and 250 K peaks in the QD sample are not related to the QD intrinsic states but some deep levels in the structure. We can also conclude that these deep levels could be created by the strain field induced by the lattice mismatch alone, not necessarily due to the three-dimensional QD formation process.
From the Arrhenius plots in Fig. 4 , the excitation energies of these two deep levels in the QD sample are determined to be about 160 and 484 meV, respectively. The bias dependence of the relative capacitance change, ⌬C / ⌬C max , shown in Fig. 5͑a͒ , indicates that the deep levels are not bulk defects, but have a rather narrow spatial distribution. Both peaks do not appear until the reverse biases reach their thresholds, at which their electronic energy states are raised up to the bulk Fermi energy. The 115 K peak starts to appear at V r = −2.0 V and reaches its maximum at V r = −3.1 V, whereas the 250 K peak starts at V r = −3.5 V and becomes maximal at V r = −4.5 V, as shown in Fig. 5͑a͒ . Beyond the maxima, the DLTS signals gradually decrease because the relative change in the capacitance becomes smaller due to the increased depletion depth. The behavior follows evidently from Eq. ͑2͒, which describes the relative DLTS peak amplitude for deep levels located on a plane 15, 30 
Here, ⌬C is the DLTS peak amplitude, C the steady state capacitance at the reverse bias, n T the sheet density of the deep levels, x T the distance between the top Schottky contact and the plane where the deep levels are located, w the depletion depth at the reverse bias, and N d the doping concentration. Note that since the deep levels usually have a finite distribution of energy, n T in Eq. ͑2͒ is a function of reverse bias. Below the threshold bias of the deep levels, n T is equal to zero because all the electronic states are below the bulk Fermi level; when the reverse bias is larger than the threshold value, n T increases with the increasing reverse bias, and then fixes at the maximal value when all the electronic states are raised above the Fermi level.
To determine the locations of the deep levels in the QD sample, we model the QD structure as an ideal Schottky diode and neglect the effect of charging and discharging of QDs on the electric field. By solving Poisson's equation, the potential profile of the QD structure is given by
where 0 is the permittivity of free space, r the GaAs dielectric constant, and x the distance from the top Schottky contact in the depletion region. Equation ͑2͒ shows that the reverse bias to reach the maximal relative capacitance change, ⌬C / ⌬C max in Fig. 5͑a͒ , neither exactly corresponds to the moment when the bulk Fermi level passes the full energy distribution of the deep levels, nor when the Fermi level aligns with the energy corresponding to the distribution peak. We therefore use the threshold biases, at which the deep levels start to be detected, to estimate their locations by applying Eq. ͑3͒. From the reverse bias threshold of the 115 K peak, V r = −2.0 V, shown in Fig. 5͑a͒ , we obtain a location of 395 nm below the surface, in very good agreement with the designed QD location in the material ͑400 nm͒. From the threshold reverse bias of −3.5 V of the 250 K peak, the location is calculated to be about 391 nm below the surface, also well corresponding to the depth of the QD layer. Furthermore, when we etch off the capping layer and QD layer from the QD sample, we found no DLTS signals at around 50, 115, and 250 K, further supporting that the deep levels coexist in the dot layer. This is a direct observation and strong confirmation of the coexistence of deep levels with the intrinsic quantum dot states.
Experiments were also performed on the reference samples A and B. Both reference samples show very similar PL, DLTS spectra, and bias dependence of the relative capacitance change. Here we only show the results of Ref. A to compare with those of the QD sample. Figure 3͑b͒ shows no QD DLTS peak at around 50 K in Ref. A, in agreement with the room temperature PL in Fig. 1͑b͒ . This is as expected since the InAs layer is well below the critical thickness of 1.7 ML for QD formation. However, two strong DLTS peaks appear at about 115 and 250 K, the same positions as those of the deep levels in the QD sample, shown in Fig. 3͑a͒ . The Arrhenius plots shown in Fig. 4 allow us to calculate their thermal activation energies and the corresponding apparent electron capture cross sections, which are listed in Table I for comparison with the results in the QD sample. For both the 115 and 250 K peaks, the activation energies and capture cross sections in the reference samples are quite close to those in the QD sample. In addition, as shown in Figs. 5͑a͒ and 5͑b͒, the bias dependences of the DLTS spectra in the QD and Ref. A samples are very similar, with virtually the same threshold biases. This also confirms that they are spacially localized in the growth direction.
A close look at Fig. 5 reveals a difference in the threshold biases of the peaks between the QD and reference samples. This is expected because of the unintentional fluctuations in the doping concentrations in the two materials, the different surface Fermi level pinning caused by slight variations in the sample fabrications, etc. By determining the threshold biases and applying the same calculation model as above, the 115 and 250 K peaks in the reference samples have almost identical locations, also confirming that these two types of deep levels coexist in the same layer. Furthermore, the calculated depth is very close to the growth parameter. All the evidence above from the QD sample and the two reference samples thus suggests that the deep levels related to the 115 K peak among the three samples are the same type of defects, and so are the deep levels related to the 250 K peak in the three samples.
We now discuss the origins of such coexisted deep levels in the InAs layer. Two categories of defects are usually observed in semiconductors: one is extended defects such as dislocations, and the other is point defects, such as vacancies, interstitials, or chemical impurities in the lattice. The analysis of our experimental results below rules out the possibility of being dislocation related extended defects. Instead, the observed deep levels might be some type of point defects introduced by the lattice mismatch strain during the growth process.
The previous work by Wang et al. on the relaxationinduced defects in QD structures indicated that beyond the critical coverage of about three monolayers of InAs, threading dislocations and stacking faults could appear in the GaAs cap layer, whereas misfit dislocation and cross-hatched stacking faults might appear near the QDs boundary. 6 In comparison with the experimental results by Wang et al., the coexisted deep levels in our samples have different activation energies and apparent electron capture cross sections. Furthermore, the thickness of our InAs QD layer is 2.8 ML, less than the reported critical thickness of three monolayers. More importantly, we observe strong photoluminescence signals even at room temperature and apparent quantum confinement in the C-V and DLTS measurements. We therefore conclude that the deep levels observed in our experiments are not dislocation-related traps.
M-series defects, reported by Lang, 31 are commonly observed bulk defects in MBE-grown GaAs, which are attributed to defect-impurity complexes with growth temperature dependent concentrations. M1 and M4 have similar DLTS signatures and thermal activation energies to the observed deep levels in our QD and reference samples. However, the concentrations of M1 and M4 are typically very low, around 10 12 cm −3 at a growth temperature of 580°C. 27 In order to compare the densities of the deep levels with those bulk defects commonly presented in MBE-grown GaAs, the volume The apparent electron capture cross section taken from the intercept of the Arrhenius plot.
c Calculated from the maximal amplitude of the DLTS spectra by Eq. ͑1͒.
densities of deep levels in our samples can be simply calculated from
a formula used to evaluate the densities of bulk defects in GaAs. 14 The densities of the deep levels related to the 115 and 250 K peaks are thus calculated to be 5.7ϫ 10 13 and 1.3ϫ 10 14 cm −3 , respectively, in the QD sample, and 2.8 ϫ 10 14 and 3.2ϫ 10 14 cm −3 , respectively, in the Ref. A sample. The densities are therefore more than one order of magnitude higher than those of M1 and M4 in MBE-grown GaAs under the similar growth conditions. Furthermore, the observed deep levels in our samples are localized in space and coexist in the InAs layer. There hence is a possibility that the strain field, induced by the lattice mismatch between the InAs and GaAs, could enhance the creation of M1 and M4, and localize them by inducing migration of M1 and M4 from neighboring layers. Since the strain around the dots is quite different from that between the dots, the DLTS peak shapes of the deep levels in the QD sample should be different from the symmetric DLTS signature of the ideal bulk defects, which might be reflected by the observation that the 115 and 250 K peaks in our QD sample are broadened and extended on the low temperature sides.
Another possibility is that the coexisted deep levels are native point defects caused by the strain during the InAs/ GaAs growth process. From the DLTS amplitudes, the sheet densities of these deep levels can be calculated ͑see Table I͒ , and are found to be comparable with the QD density determined by AFM scans. Note that in both reference samples the sheet density ratio between the 115 and 250 K deep levels is 1 : 1, strongly suggesting that these two deep levels have the same origin. The lattice mismatch between InAs and GaAs is 7.2%. The strain is built up by growing InAs on GaAs, until the growth mode changes from 2D to 3D and QDs form to relax the strain. The point defects related to 115 and 250 K DLTS peaks, such as vacancies and interstitials, might be introduced by the strain during the growth process and accumulated in the pseudomorphic wetting layer in the reference samples. As shown in Table I, A with a 1.2 ML InAs layer. In the QD sample, much of the strain is relaxed by the formation of QDs, which can explain the lower sheet densities of the deep levels. The partial strain relaxation in the QD sample may also cause a broadening in the energy distribution of the deep levels, which may be the reason for the wider DLTS peaks shown in Fig. 3͑a͒ . Interestingly, the sheet density ratio between the 115 and 250 K deep levels is 1 : 2, rather than 1 : 1 in the reference samples. The reason is unknown and is subject to future studies.
Moreover, although the formation of QDs relaxes some of the strain, the remaining strain still exists in and around QDs. It has also been shown that strain field can extend from the QDs into surrounding GaAs matrix over a typical scale of ജ10 nm. [32] [33] [34] The extended strain field might cause migrations of native defects, such as vacancies and interstitials, to the vicinity of the quantum dots. During our sample growth, because of the relatively thick upper GaAs confining layers, the dots were subjected to an anneal of about 20 min at 580°C, which could enhance the migration of the defects. Such accumulation of defects is in agreement with the previous observation by Walther et al., where the clustering of the trap states occurred in regions of randomly higher quantum dot concentration. 22 Having identified the deep levels coexisting in the same layer of QDs and their sheet densities, it is important to gain further insight into the effect of the deep levels on the properties of the QD structure, which may allow improvements of the optical and electrical properties of the QD materials. Sercel proposed that the presence of interface states or point defects formed during the growth process and correlated with the QDs could provide an efficient relaxation path for electrons through multiphonon-assisted tunneling. 8 Such lack of phonon bottleneck effect was found in recent time-resolved PL measurements, which was in disagreement with the theoretical prediction for an ideal quantum dot. 35, 36 The binding energy of the QD ground state in our QD sample has been estimated to be 171 meV, close to the 160 meV of the coexisted deep level related to the 115 K DLTS peak. If the deep states lie close to the QDs, they may strongly couple with the dots and provide a rapid energy-relaxation channel through which electrons thermalize to enhance the luminescence efficiency. 8 For electronic device applications, the existence of states that are much deeper than the intrinsic QD states could be utilized to design memory devices. We recently demonstrated a fully electrically controlled, room temperature memory device where InAs QDs were embedded in a modulation-doped high electron-mobility transistor structure. The coexistence of similar deep levels in the QD layer was confirmed by the experiments using different gate biases to control the transfer of electrons between the deep levels and a two-dimensional electron gas. 37 In such devices, the slow charging of the deep levels, rather than the emission or discharging process, provided a long memory time even at room temperature.
In summary, we have presented the direct observation of the coexistence of deep levels in the same layer of optically active QDs. The deep levels are found to be caused by the strain rather than the formation of 3D QDs. Further studies of such deep levels by DLTS together with optical characterizations under different growth conditions could lead to important implications in optimization of the performance of QD-based electronic and optical devices.
